The results indicate that the use of bio-diesel fuels will result in lower sensitivity of ignition timing to changes (HCCI) engines appear to be a future alternative to diesel and spark-ignited engines. The HCCI engine has the in operational parameters and in a better control of the ignition process when compared with the use of n-heptane potential to deliver high efficiency and very low NO x and particulate matter emissions. There are, however, problems and dimethyl ether. with the control of ignition and heat release range over the entire load and speed range which limits the practical Key words: HCCI, bio-diesel, dimethyl ether, n-heptane, internal exhaust gas recirculation, fully variable valve application of this technology.
Introduction heat transfer loss is used to simulate the HCCI engine environment. n-Heptane, dimethyl ether and bio-diesel
The homogeneous charge compression ignition (HCCI) combustion is a process that combines features of (methyl butanoate and methyl formate) fuels are investigated. Methyl butanoate and methyl formate represent spark-ignited and compression-ignited combustion processes. In an HCCI engine, the fuel and air are surrogates of heavy and light bio-diesel fuel respectively. The effects of different engine parameters such as equivalence premixed to create a homogeneous charge, as occurs in spark ignition (SI) combustion. The charge is then ratio and engine speed on the ignition timing are investigated. The use of internal exhaust gas recirculation is ignited by the compression as in compression ignition (CI) combustion. Unlike conventional SI investigated as a potential strategy for controlling the ignition timing. and CI engines, an HCCI engine has no need for a centralized combustion initiation. Therefore, the Bio-diesel fuels can be derived from vegetable oils and animal fats. These fuels offer benefits of low entire charge gives a parallel energy release as the whole mixture burns simultaneously without sulphur content and the possibility of renewal in comparison to common diesel fuels. Typical bio-obvious flame propagation.
The HCCI engine has the potential to deliver high diesel fuels consist of mixtures of saturated and unsaturated methyl esters (methyl butanoate, methyl efficiency and very low NO x and particulate matter emissions. Low cost is realized as no high-pressure formate, methyl oleate, methyl palmitate, etc.) [11] . Methyl butanoate (MB) is chosen as a surrogate for injection system is required. The disadvantages of the HCCI engine are relatively high hydrocarbon and heavy bio-diesel fuels, while methyl formate (MF) is chosen for light bio-diesel fuels [12] . The reason for carbon monoxide emissions*, high peak pressures and rates of heat releases, reduced engine operating the selection of MB is its essential chemical structure features like those in heavy biodiesel fuels, namely range and power and difficulties in starting and controlling the engine. Some of these disadvantages may the RC(LO)OCH 3 structure (where R is an alkyl or alkenyl radical). Although MB does not have the high be reduced by operating the HCCI engine in 'hybrid mode', where the engine operates in HCCI mode at molecular weight of a bio-diesel fuel, it is large enough to allow fast RO 2 isomerization reactions important in low power and in SI mode [6] or diesel model [7] at high power.
the low-temperature chemistry (coll flame chemistry) that controls autoignition under conditions found Unsolved problems that currently keep the HCCI from commercial viability are the difficulty in con-in HCCI engines. Alongside this, MB can provide a detailed reaction mechanism of manageable size trolling the engine over the required operational load/speed range, together with the higher hydro-and therefore reduces computational running time without compromising accuracy level. carbon emissions. The problem with controlling the HCCI engine operation is the difficulty in ensuring
The authors recognize that the selection of esters MB and MF may be arguable, since the methyl oleate that the start of ignition occurs in the vicinity of top dead centre (TDC) and that the heat release and methyl palmitate esters can also be considered as possible surrogates of bio-diesel fuel. Detailed rate over the operational range is controlled. In the HCCI engine, there are no direct methods to control investigation and validation of these esters and their reaction mechanisms are under way and will be pre-ignition timing and the heat release rate because the combustion process is governed predominantly sented in some future work, since it is beyond the scope of the current work. The properties of the by the chemical kinetics of the air/fuel mixture. A number of different methods that have the potential investigated fuels are presented in Table 1 . The single-zone combustion model with convective to control the start of autoignition and the heat release rate of the HCCI combustion, together with heat transfer loss and detailed chemical kinetics is employed to simulate the HCCI engine environment. their effectiveness and practical feasibility, have been discussed in reference [8] .
The effects of different engine parameters such as equivalence ratio and engine speed on ignition time The aim of this paper is to analyse the possibility of using different types of diesel fuels in the HCCI engine are investigated. Obtained results are shown and analysed in this paper. The use of internal exhaust and to find the most suitable one for operational and control issues. The following diesel fuels are investi-gas recirculation (IEGR) by trapping exhaust gases inside the cylinder is simulated as a potential strategy gated: n-heptane, dimethyl ether and bio-diesel fuels (methyl butanoate and methyl formate). of controlling the ignition timing and the results obtained are also discussed. n-Heptane is a primary reference fuel that has a cetane number (CN) very close to that of diesel fuel (CN~56 ship. The present model assumes uniform mixture Table 1 The properties of investigated fuels.
composition and thermodynamic properties treating The chemical kinetic mechanisms employed for n-heptane and DME are those developed by heat loss as a distributed heat transfer proportional to Lawrence Livermore National Laboratory [15, 16] , the temperature difference between the average gas while the kinetics mechanism for MB and MF are temperature and the time-averaged wall temperature.
those developed by Lawrence Livermore National The IEGR is assumed to be the internal one, with Laboratory and Fisher et al. [12] . exhaust gases trapped in the cylinder and fully mixed
The mechanism for n-heptane consists of 565 species with the fresh, unreacted air/fuel mixture. This IEGR and 2540 reactions, and for DME of 78 species and is assumed to consist mainly of water vapour, carbon 336 reactions. The mechanism for MB consists of dioxide, molecular nitrogen and oxygen from pre-264 species and 1219 reactions and for MF of 193 vious engine cycles. The newly formed mixture species and 925 reactions. All these mechanisms have (air/fuel/IEGR) is assumed to be homogeneous with been validated through extensive comparisons with uniform composition and thermodynamic properties. experimental data obtained from the measurement The fraction of IEGR is calculated with respect to conducted in flow reactors, shock tubes and rapid the total charge mixture mass in the cylinder (fresh compression machines [12, [15] [16] [17] [18] . air/fuel charge and trapped exhaust gases). The mixed temperature of the exhaust gases and fresh air/fuel charge is estimated assuming mixing of the ideal
Engine Description
gases and by the published procedure [14] .
The engine is assumed to have a bore of 80.5 mm The equivalence ratio (w) is defined as that of the and a stroke 88.2 mm. The connecting rod length is incoming charge in the cylinder (fresh unreacted 132 mm, with a displacement of 450 cm3. The engine air/fuel charge). The in-cylinder equivalance ratio is assumed to have a fully variable valve train (w in-cyl ), which is leaner due to the residual oxygen, (FVVT) system, instead of conventional camshafts, is calculated by the published procedure [2]. The which allows trapping of large amounts of exhaust results obtained are presented in Table 2. gases (up to 80 per cent) and quick changes in the Each simulation starts at the beginning of the trapped percentage in comparison to the engine with compression stroke (inlet valve closure, or IVC) and a camshaft [3]. This arrangement allows a nearfinishes at the end of the expansion stroke, with a adiabatic exhaust gas recirculation (EGR) process, time step of 1°crank angle (CA). The cylinder wall, which means that the mixture temperature rises with piston and head are all assumed to be at the uniform the percentage of EGR. The engine is assumed to be temperature of 500 K.
unthrottled at all operational points with a volumetric efficiency of 100 per cent. The simulation requires no information on which type of valve system is used.
However, an HCCI engine equipped with the FVVT 0 0.5 0.5 system allows near-adiabatic exhaust gas recirculation The results obtained by using the computational Table 2 The in-cylinder equivalence fuel-air ratio as a function of IEGR. model are validated against the experimental results.
The experiment was performed on the single-cylinder, rate curves is shown. It can be seen that the general shape of the calculated cylinder pressure curve four-stroke engine equipped with the AVT-Lotus research active valve train system [the FVVT system corresponds rather well with the experimental one. The peak cylinder pressure is overpredicted due to the is also called the active valve train (AVT) system] and fuelled with n-heptane. The experiment, engine deficiency of the single-zone assumption to model the temperature gradient within the mixture. and AVT have been discussed in detail in references [19] and [20] . Test conditions are summarized in
The overall trend of the heat release curve is matched, but the calculated values are overpredicted Table 3 .
The engine operational parameters and conditions and the duration is underpredicted. This is due to the assumption (of a single-zone model) that the used in the simulation were the same as those used in the experiment. The heat release rate is calculated whole mixture inside the cylinder will burn almost simultaneously and completely. In reality a boundary from the pressure values at each time step using the KINALC post-processor code [21] .
layer that contains significant mass will exist and will be at a lower temperature than the bulk gas near In Fig. 1 burn last and extend the heat release rate compared In Fig. 2 the calculated cylinder pressure curves are presented as a function of crank angle degree. Due to this simulation. In addition, some fuel will be to the different structure of the analysed fuels and in captured in crevices and piston rings and will not order to obtain ignition near TDC, the inlet mixture be burned, thus reducing the total heat release.
temperature was adjusted for each fuel separately. It The authors recognize that model assumptions are can be seen that DME needs the lowest inlet temperan oversimplification of the actual condition within ature (298 K) while MF needs the highest (465 K). the engine cylinder which leads to overestimation of The inlet temperature for n-heptane is 320 K and is the peak cylinder pressure and rate of pressure rise, close to that of DME but much lower than the value an underestimation of burn duration and an inability for MB (435 K). to accurately predict HC and CO emissions. On the Different ignition behaviours and therefore differother hand, prediction of the start of ignition is ent ignition temperatures are a consequence of the shown to be accurate. This notion has also been different structures, compositions and molecular confirmed in references [22] and [23] . sizes of examined fuels. These differences have the important consequence of controlling HCCI
Results and Discussion
combustion over a wide operational range. It can be seen from Fig. 2 that n-heptane and In practical transport applications, an HCCI engine DME exhibit dual-stage ignition, with a cool flame will be the same as SI and CI engines in that there (CF or low-temperature ignition) and main ignition will be frequent changes between operation in idle, (MI or high-temperature ignition). On the other acceleration, de-acceleration and steady cruise modes.
hand, MB and MF undergo single-stage ignition only. These changes in operational mode are accomplished n-Heptane is a long straight-chain paraffin with by changes in engine power output (load) and speed. many weakly bounded H atoms with high iso-In that way it is expected that the HCCI engine has merization rates which leads to rapid ignition. The to be able to work over a wide range of loads and CF ignition is mainly due to the presence of C 7 H 15 speeds.
radicals, which ultimately leads to a relatively high In order to make it possible for an HCCI engine rate of chain branching from ketohydroperoxide to work with a wide range of loads and speeds and decomposition [18, 24] . It can be seen (refer to Fig. 2 ) to achieve a high efficiency, the autoignition timing that between the CF and the MI there exists an and heat release rate have to be properly phased 'induction period' which corresponds to the inter-(controlled). For optimal engine efficiency, the ignition mediate temperature zone (900-1100 K). The induction should occur near TDC compression, 180°CA. If the period is associated with competition between the ignition is too advanced it will increase compression fast chain branching reactions and relatively slower effort, reduce volumetric efficiency and thus reduce chain propagation reactions. In this period, chain net thermal efficiency. On the other hand, very late propagation reactions dominate, causing the slowignition will cause a lower combustion temperature, down of n-heptane reactivity and therefore only higher emissions of unburned HC and reduce comgradual accumulation of the radical pools and gradual bustion efficiency. The ignition timing is readily seen temperature rises occur. to produce a sharp rise in the cylinder pressure When the temperature has reached a value of or temperature. In this study the baseline engine around 1100 K, the high-temperature chain branching reactions start to dominate again and the main ignition parameters are those summarized in occurs. The main high-temperature chain branching Therefore, to ignite MB and MF considerably higher temperatures are necessary than those for n-heptane reaction, which dominates the further ignition process, is the reaction and DME. These differences in ignition mechanisms will have H+O 2 =O+OH (1) a significant influence on the ignition timing during various operational conditions (various fuelling rates which is essentially independent of the type of fuel [25, 26] . and engine speeds). DME is the simplest ether (and oxygenated fuel), which instead of CKC bonds, has the CKOKC bond. Non-existence of the CKC bonds makes DME more 6. Effect of the Equivalence Ratio favourable for the ignition in comparison to n-heptane, and therefore a lower initial temperature is needed.
Load variation in an HCCI engine is studied by varying the equivalence fuel-air ratio (w). In the Chemkin It can be noted that the induction period for n-heptane is considerably longer than that for DME (refer to code there is no direct possibility of simulating variations in engine load. Because changes in the power Fig. 2 ). This is a consequence of the peroxy chemistry which plays the dominant role in DME ignition, output of an HCCI engine are closely connected with changes in the fuelling rate (charge composition), the maintaining the radical branching reactions (in the induction period) and thus keeping the reactivity of effect of the equivalence ratio can be used to simulate changes in the charge composition. Changing the load the fuel unchanged [27] .
MB and MF show single-stage ignition only, due of an HCCI engine requires a change in the fuelling rate and thus in the charge composition. Figure 3 to the presence of the methyl and olefinic methyl ester groups. These radical groups have much lower shows the influence of different w values on the ignition timing of n-heptane, DME, MB and MF. Inlet reactivity in comparison to C 7 H 15 radicals in n-heptane and peroxy radicals in DME, and therefore the cool temperatures and other engine parameters remain unchanged from the baseline values stated in section 5. flame chemistry in MB and MF fuel is considerably inhibited. In conjunction with this, methyl and methyl It can be noted that w has rather different effects on the ignition timing of analysed fuels that depend on ester radicals slow down the overall rate of ignition, since they lead to chain termination reactions [27] .
fuel autoignition behaviour. For fuels with two-stage ignition, such as n-heptane and DME, changing w branching process in DME, while the C 7 H 15 radical chemistry controls it in n-heptane. The production has an impact on the onset of cool flame and main of peroxy radicals is more sensitive to the changes ignition, magnitude of the initial pressure increase in temperature and fuel concentration than the proand duration of the induction time. On the other duction of C 7 H 15 radicals. Therefore, a reduced temhand, for fuels with single-stage ignition, such as perature rise and increased fuel concentrations will MB and MF, only the onset of the main ignition is have a more pronounced influence on CF ignition affected by w.
in DME.
In order to represent variations in all phases of
The magnitude of the CF ignition temperature the two-stage ignition process with changes in w, the rise depends on w. Excess air acts as a diluent cylinder pressure histories as a function of crank which absorbs heat and reduces the temperature rise angle degree for different values of w are shown from CF reactions as the mixture becomes leaner for n-heptane fuel in Fig. 4a and for DME fuel in (w decreases). Therefore, in order to reach the tem- Fig. 4b . As w increases, the ratio of specific heats (c) perature of the MI stage (1100 K), more heating is for the mixture decreases, reducing the amount of required during the induction period for leaner compression heat of the mixture. Therefore, a nearmixtures. During this period, heat is slowly generated stoichiometric mixture has to be compressed further by the chemical reactions and the temperature is than a lean mixture in order to attain a temperature further raised by compression (prior to TDC). The sufficient to initiate CF ignition. Increases in w from net result is an increase in the induction period as 0.3 to 1.0 for n-heptane results in a delay in the CF the mixture becomes leaner. timing of approximately 12°CA, while for DME Therefore, it can be said that the overall ignition increasing w from 0.25 to 0.95 delays CF ignition for timing of n-heptane and DME is affected by w, approximately 27°CA, as can be noted in Figs 4a through two competing effects: and b respectively. It is obvious that the CF ignition timing of DME is affected more with a change in the (a) the strength of the CF ignition reactions-heat equivalence ratio. This is due to the nature of the lowreleased by low temperature oxidation-and temperature chain branching processes, responsible (b) the amount of compression heating due to the for the CF ignition in DME and n-heptane. The peroxy changes in the mixture specific heat (c)-heat released by piston compression work. radical chemistry controls the low-temperature chain N Milovanovic, R Chen, R Dowden and J Turner As shown in Fig. 4 , the earliest CF ignition occurs which is equal to 0.7 for n-heptane. However, MI becomes retarded again at higher equivalence ratios. for w of 0.3 for n-heptane and 0.25 for DME, but the associated temperature rise is not sufficient to lead
The onset of main ignition for DME fuel exhibits similar behaviour to that for n-heptane fuel. At first to MI. When w is increased to 0.35 for n-heptane and to 0.3 for DME, MI occurs, although after TDC.
it advances as w increases, but later, for higher w, it retards again. Additionally, it must be noted that As w continues to increase, CF ignition occurs later, but the induction period becomes shorter. The result DME neither exhibits CF ignition nor MI for w equal to 1 (stoichiometric mixture). This is a highly likely of this is that MI occurs at the earliest time for w, consequence of a low inlet temperature (i.e. below in the cylinder temperature would be required to maintain combustion at low loads (w<0.3) for the the value necessary to initiate a CF ignition event).
n-heptane and DME fuels. The temperature required to initiate the CF ignition increases with an increase in the fuel amount in the charge, and therefore fuel-rich mixtures will need a 7. Effect of Engine Speed higher initial temperature than fuel lean mixtures. For investigated conditions, the initial temperature (298 K)
In operation an HCCI engine will face frequent was not sufficient enough to initiate CF ignition and de-acceleration and acceleration and hence a change thus there was no heat release from low-temperature in speed. Changing the engine speed changes the reactions; hence the ignition could not proceed further amount of time for the autoignition chemistry to into the intermediate and main ignition stages. The occur relative to the piston motion. The chemical results obtained are in agreement with the test results reaction rates are sufficiently slow (relative to the presented in reference [28] . It can be noted that the engine speed) to cause all analysed fuels ignition applicable range for n-heptane is extended towards timings to be delayed with the increase in engine higher w values than DME, while DME exhibited a speed. The ignition is retarded with respect to crank lower flammability limit than n-heptane.
angle degree. The autoignition chemistry has a fixed In the case of MB and MF, fuels with single-stage timescale independent of engine speed, but the ignition behaviour, the ignition timing is also affected piston motion becomes faster with an increase in by w, as can be seen in Fig. 3 . Due to the fact that their engine speed, which in turn reduces the engine cycle ignition is characterized by a single-stage process, duration and therefore a time base for the autoignition ignition timing is mainly affected by changes in heat chemistry. capacity and proportional changes in compression Inlet temperatures and other engine parameters temperature. Therefore, the ignition time becomes remain unchanged from the baseline values stated in delayed as w increases.
section 5. Figure 6 shows the influence of engine speed For MB, increases in w from 0.2 to 0.5 has virtually on ignition timings for n-heptane and DME, while no effect on the ignition timing (refer to Fig. 5a ). Fig. 7 shows the influence for MB and MF. It can be When a higher equivalence ratio is employed (>0.5), seen that engine speed has a rather different effect on the ignition becomes delayed. Therefore, for MB fuel ignition for fuels with a two-stage ignition behaviour increasing in w from 0.2 to 1 results in an ignition than on fuels with single-stage ignition behaviour. delay of approximately 7°CA. The ignition timing For n-heptane and DME, as the engine speed for MF fuel is slightly more affected with the changes increases CF ignition occurs at later crank angles in equivalence ratio in comparison to MB fuel, result-(refer to Fig. 6 ). The induction time is also longer ing in delays of 10°CA over the range of w from 0.15 as speed increases, and thus MI timing is further to 1, as can be seen in Fig. 5b .
retarded. If ignition occurs before TDC, the charge It can be seen from Fig. 3 that MB and MF fuels temperature rise from compression compensates for have lower flammability limits in comparison to this effect by reducing the induction period. However, n-heptane and DME fuel, since they can sustain for ignition after TDC, the induction period increases complete combustion for w lower than 0.3. Alongside since expansion slows down the temperature rise. this, the changes in ignition timing for MB and MF For the conditions at this simulation, the difference fuels over the applicable w range are much lower in ignition timing for engine speed ranging from 1000 (7 and 10°CA respectively) than those for n-heptane to 3000 r/min is 21°CA for n-heptane and 13°CA and DME fuels. Moreover, MB and MF can ignite for DME. even for lower equivalence ratios up to w=0.05
The dependence of ignition on engine speed for (not shown), but this leads to incomplete or partial MB and MF fuels is presented in Fig. 7 . The trend is combustion. similar to that for n-heptane and DME, but with less The commercial HCCI engine would need to operate variation in ignition timing. The reason for this is the over a range of equivalence ratios from 0.1 or less nature of the chemistry that leads to single-stage (idle) to about 1. The competing factors presented in ignition of these fuels. This chemistry proceeds faster the two-stage ignition processes of n-heptane and once the temperature reaches the value of high-DME indicate that controlling the ignition timing with temperature chain branching reactions. Then the main changes in w will be more difficult in these fuels than high-temperature chain branching reaction, reaction 1 (which is essentially independent of the types of fuel), in the MB and MF fuels. Also, a significant increase takes over control of the further ignition process.
in engine speed due to its fast peroxy chemistry, as discussed in section 6, followed by MB and MF Therefore, the ignition in MB and MF fuels is not affected by changes in the CF stage. As a result, fuels. The authors would like to emphasize that the investigation of the engine speed effect on ignition the differences in ignition timings for MB and MF fuels over the examined range of engine speeds timing over the examined range (1000-3000 r/min) was performed with an assumption of a cylinder (1000-3000 r/min) are 14 and 16°CA respectively, which are less than that for n-heptane fuel.
wall temperature of 500 K. Since the heat transfer to the wall will increase with an increase in engine It is worth noting that DME fuel exhibits the lowest variation of ignition timings with respect to changes speed there would be some increase in the wall temperature. This may affect the autoignition process Although fuels with a single-stage ignition process have less variation in ignition timing with engine (i.e. the ignition may occur at earlier crank angle). However, previous investigations have demonstrated speed than n-heptane, some adjustment is required for each of the fuels to maintain the optimum ignition that HCCI combustion is too fast for heat transfer to play an important role in the prediction ignition timing. This could be accomplished by adjusting the operational parameters such as intake temperature timing [29, 30] and that errors obtained from the use of inaccurate heat transfer correlations are within the and pressure or compression ratio. In the practical case, intake temperature could be controlled by EGR. range of 0.1-1 per cent. 
Controlling Ignition Timing in the HCCI

range. IEGR obtained by the fully variable valve train (FVVT) system gives much better results in
Engine by Using Internal Gas controlling the HCCI combustion process than using Recirculation EEGR [2, 3, 5]. Exhaust gas recirculation (EGR), obtained by trapping When using the IEGR technique, a fresh airthe hot exhaust gases in the cylinder (internal EGR, fuel charge is mixed with hot trapped exhaust or IEGR) or recycling them into the intake manifold gases, increasing the temperature and changing the (external EGR, or EEGR), appear to have the potential composition of the newly formed charge mixture (air/fuel/IEGR) and thus influencing the ignition to control HCCI combustion in a certain operation timing and further combustion process. In order to It can be seen that with trapping a higher IEGR percentage, the CF and MI timings for n-heptane initiate autoignition and maintain HCCI combustion a certain amount of IEGR has to be captured. This and DME fuels are advanced (refer to Fig. 8 ). The CF timing is more affected than the MI timing as a amount depends on engine operating conditions (engine load and speed) and fuel used.
result of the elevated charge temperatures earlier in the cycle. The MI timing, as discussed in section 6, In Fig. 8 , the cylinder pressure histories obtained for various quantities of IEGR for an engine fuelled depends on two competing factors, namely the amount of compression heating and the strength of with n-heptane and DME are presented, while Fig. 9 shows those for engines fuelled with MB and MF.
the low-temperature reactions.
As MB and MF have a lower reactivity, relatively The engine parameters are those summarized in Table 5 .
high intake temperatures are needed to initiate the Fig. 8 Cylinder pressure as a function of different IEGR quantities for (a) n-heptane and (b) DME fuels. ignition process in these fuels. Therefore, a high It is also worthy of note that the ignition initiated with IEGR around TDC [with 20 per cent IEGR for amount of IEGR has to be employed, 49 per cent for MB and 55 per cent for MF (refer to Fig. 9 ).
n-heptane ( Fig. 8 ) and with 55 per cent IEGR for MB and 60 per cent IEGR for MF ( Fig. 9) ] results in a These IEGR quantities represent the minimum values necessary for complete combustion of MB and MF significant reduction in peak cylinder pressure in comparison to the case without using IEGR (refer fuels, and thus their ignitability limits under given operational conditions. It can be seen that for all to Fig. 2 ). This is due to the dual effects of IEGR, thermal and chemical. It is worth noting that when analysed fuels the peak cylinder pressure decreases with an increased IEGR level (refer to Figs 8 and 9) . a higher value of IEGR is trapped, the amount of fresh air/fuel charge is reduced, which results in 2. Dilution effect. The introduction of exhaust gases into the cylinder results in the dilution of the a lower load output and also in lower generated torque. Consequently, the engine, at lower power, charge mixture. Dilution may be up to 80 per cent of cylinder volume. The introduction of exhaust reduces combustion temperature, hence produces a lower temperature of exhaust gases. In the following gases into the cylinder displaces some air from the fresh air-fuel charge. Hence, the oxygen text only a basic explanation of these effects and their influence on the ignition timing will be presented, concentration in the resulting charge mixture is reduced. At the same time some fuel is displaced as detailed explanations have been presented in references [31] to [34] and it is beyond the scope of from the fresh air-fuel charge. In this way the charge mixture becomes diluted. The reduction the current study.
The thermal effect of IEGR consists of raising the in oxygen and fuel concentrations together with added exhaust gases will result in a changed temperature of the fresh air-fuel intake charge in the mixing process with hot exhaust gases, which fuel-air ratio in the resulting charge mixture. 3. Increasing the concentration of some exhaust gas species. thus influences the ignition timing and further combustion. A higher temperature boosts kinetic reactivity IEGR raises the concentration of water vapour and carbon dioxide which tends to reduce their net (chemical reactivity), resulting in the advance of autoignition. The higher chemical reactivity increases production rate. 4. Influencing the radical production and destruction the heat release which in turn increases the charge energy level. The increased charge energy level helps reactions. Some exhaust gas species, particularly residual (active) radicals (such as H, OH, HO 2 ), to overcome certain activation energy levels for autoignition at an earlier stage; hence the autoignition may influence the production and destruction reactions of some radicals. Also, water vapour as is advanced. Therefore, the IEGR thermal effect is similar to the effect of increasing the inlet temperature an effective third body may affect reactions where a third body plays an important role, such as in (inlet pre-heating) since it improves the pre-ignition stage process by boosting kinetic reactivity. The termination reactions. thermal effect of IEGR can be seen as being positive
The cumulative influence of the IEGR chemical for the HCCI engine since it reduces the necessity for effect on ignition timing is investigated by fixing the inlet air pre-heating and eliminates the dependence the temperature of the resulting charge mixture on the operating conditions.
(air/fuel/IEGR) while varying the IEGR percentage.
The chemical effect of IEGR actually consists
In that way the thermal effect of IEGR is constant of several different effects that take place simuland only the chemical effect will be assessed. taneously*: Figure 10 shows the IEGR chemical effect on the 1. Heat capacity effect. IEGR increases the specific heat ignition timing for n-heptane and DME fuels, while of the charge mixture (air/fuel/IEGR) due to the Fig. 11 shows those for MB and MF fuels. It can be presence of exhaust gas species which have a seen in Fig. 10 that with more IEGR introduction, for higher heat capacity than the fresh air-fuel charge.
both fuels, the start of CF ignition remains almost unchanged, while the MI is significantly delayed. has little influence on the low-temperature reactions responsible for CF ignition in n-heptane and DME. and increasing the temperature of the mixture, and are very little influenced by the IEGR chemical As discussed in section 6, CF ignition in n-heptane is controlled by the C 7 H 15 radicals, while in DME it effect (they are almost insensitive to the IEGR chemical effect). Therefore, with increasing IEGR is controlled by peroxy radicals, which ultimately leads to a relatively high rate of chain branching from quantities, ignition timing and pressure rise from CF ignition remains almost unchanged, as can be seen ketohydroperoxide and methoxymethyl (CH 3 OCH 2 ) decomposition respectively. These chain branch-in Fig. 12 .
On the other hand, IEGR has a very strong influence ing sequences result in an enhanced yield of OH radicals which start to consume fuel, releasing heat on the intermediate-temperature reactions, by reducing the accumulation of radical pools and temperature DME at 30 per cent IEGR. CF ignition for n-heptane DME still occurs for higher IEGR amounts, but the rise in the induction period. This results in the temperature for high-temperature ignition initiation being strength of CF combustion is not sufficient to overcome the influence of the IEGR chemical effect and reached later in the cycle and therefore the MI is delayed.
thus the main ignition is omitted. Differences in sensitivity to IEGR between n-heptane n-Heptane exhibits a higher sensitivity to IEGR than DME and thus the lowest tolerance towards IEGR. and DME are due to the nature of the low-and intermediate-temperature chain branching processes The ignitability limits, assessed as the quantity of IEGR above which main ignition cannot be initiated, that are responsible for CF ignition and the induction period in these fuels, as discussed previously. is reached for n-heptane at 20 per cent IEGR and for It can be seen that the ignition timings for MB to assess the effect of individual exhaust gas constituents and the effect of possible inhomogenities in and MF are considerably less affected by the IEGR chemical effect in comparison to the ignition timings the mixing process of exhaust gases and the intake air/fuel mixture. of n-heptane and DME fuels (refer to Figs 11 and 10) .
This behaviour of MB and MF fuel is due to the single-stage ignition process and the faster chemistry leading to the MI. As a consequence of this MB and MF exhibit a higher tolerance to IEGR in com-
Conclusions
parison to n-heptane and DME. It can be seen that the ignitability limit for MB and MF is achieved
The effects of equivalence ratio and engine speed on ignition timing and use of the internal gas recirculation at 50 and 60 per cent IEGR respectively, while for n-heptane it is 20 per cent IEGR and for DME 30 per as a potential control strategy in an HCCI engine, fuelled with four different diesel type fuels, n-heptane, cent IEGR (refer to Figs 11 and 10). Even though CF ignition for n-heptane and DME fuels still occurs dimethyl ether, bio-diesel fuels methyl butanoate and methyl formate, were studied. The n-heptane and after these values, but strength of CF combustion is not sufficient to overcome the chemical effect of IEGR dimethyl ether were characterized with two-stage ignition behaviour, while bio-diesel fuels exhibited and thus the MI is omitted.
It is obvious that IEGR influences ignition timing single-stage ignition only. These differences have a strong influence on the ignition timing and further and the further combustion process in an HCCI engine by both temperature and chemical effects. A combustion event during various engine operating conditions. high IEGR temperature increases the intake mixture temperature in the mixing process inside the cylinder Among investigated fuels, DME was the easiest fuel to ignite, followed by n-heptane. The methyl and so sustains the autoignition process without using intake air pre-heating. In addition, IEGR influences butanoate needed a higher temperature for the ignition, while methyl formate demanded the highest the further combustion process by slowing down the combustion rate, hence increasing the heat release inlet temperature.
The results obtained show that there were signi-duration and reducing the peak cylinder pressure.
As the IEGR has the potential to control the ficant differences in the behaviour of the fuels characterized by two-stage ignition from those having HCCI combustion, further investigations are required only a single stage. The results also show that bio-IEGR internal exhaust gas recirculation IVC inlet valve closure diesel fuels exhibit two significant advantages. The MB methyl butanoate first of these is that bio-diesel fuels allow the use MF methyl formate of a very lean mixture (w∏0.2) while keeping the MI main ignition combustion process complete and the second is that SI spark ignition variations in ignition timing with changes in the equivalence fuel-air ratio and engine speed are considerably less with bio-diesel fuels than with n-heptane and DME. Variations in ignition timing with changes in the equivalence fuel-air ratio for e compression ratio
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